The structures of nanocrystalline pristine, potassium hydroxide and sodium acetate intercalated new two-dimensional materials Ti 3 C 2 MXenes were studied using the x-ray atomic pair distribution function technique. Pristine MXene has a hexagonal structure with a ¼ b ¼ 3.0505ð5Þ Å, c ¼ 19.86ð2Þ Å (S.G. P6 3 =mmc No. 194). Both hydroxyl and fluoride terminating species are present. The intercalation of K þ or Na þ ions expands the Ti 3 C 2 layers perpendicular to the planes but shrinks the in-plane a and b lattice parameters. DOI: 10.1103/PhysRevLett.112.125501 PACS numbers: 61.05.cf, 61.05.cp, 61.46.Df MXenes are a recently discovered large family of twodimensional (2D) early transition metal carbides and/or nitrides that are extremely promising for applications in electronic device materials, sensors, conductive reinforcement additives to polymers, catalysis, and electrochemical energy storage materials [1] [2] [3] [4] . They are produced by selective etching of metals, such as aluminum, from MAX phases [1, 5, 6] , which are ternary carbides and carbonitrides with a general composition of M nþ1 AX n , where M is an early transition metal, A is mainly a group IIIA or IVA (i.e., groups 13 or 14) element, X is C and/or N, and n ¼ 1, 2, or 3. The A layers can be selectively etched by chemical means without disrupting the M-X bonds [1] resulting in weakly bonded M nþ1 X n layers that may be readily separated by sonication resulting in novel 2D electronic materials. These new materials have been called MXenes, to emphasize the loss of the A element from the MAX parent phase and to highlight their 2D nature, similar to graphene. The structures of the MAX phases are known, but it has proven difficult to solve the structure of the MXenes because they form as nanomaterials [6] , which are not amenable to traditional crystallography [7] . Although the c lattice parameter of MXenes can be determined from a low-angle diffraction peak in a conventional x-ray experiment [8] [9] [10] , no experimental determination of the a lattice parameter has been reported, let alone the arrangement of atoms. Here, we present the first MXene structures, which were obtained from atomic pair distribution function (PDF) analysis [11] of synchrotron x-ray diffraction data. We also present the structural modification when charged species are intercalated between the planes. Knowledge of structure is a crucial early step to understanding and controlling the properties of these promising materials.
The structures of nanocrystalline pristine, potassium hydroxide and sodium acetate intercalated new two-dimensional materials Ti 3 C 2 MXenes were studied using the x-ray atomic pair distribution function technique. Pristine MXene has a hexagonal structure with a ¼ b ¼ 3.0505ð5Þ Å, c ¼ 19.86ð2Þ Å (S.G. P6 3 =mmc No. 194). Both hydroxyl and fluoride terminating species are present. The intercalation of K þ or Na þ ions expands the Ti 3 C 2 layers perpendicular to the planes but shrinks the in-plane a and b lattice parameters. MXenes are a recently discovered large family of twodimensional (2D) early transition metal carbides and/or nitrides that are extremely promising for applications in electronic device materials, sensors, conductive reinforcement additives to polymers, catalysis, and electrochemical energy storage materials [1] [2] [3] [4] . They are produced by selective etching of metals, such as aluminum, from MAX phases [1, 5, 6] , which are ternary carbides and carbonitrides with a general composition of M nþ1 AX n , where M is an early transition metal, A is mainly a group IIIA or IVA (i.e., groups 13 or 14) element, X is C and/or N, and n ¼ 1, 2, or 3. The A layers can be selectively etched by chemical means without disrupting the M-X bonds [1] resulting in weakly bonded M nþ1 X n layers that may be readily separated by sonication resulting in novel 2D electronic materials. These new materials have been called MXenes, to emphasize the loss of the A element from the MAX parent phase and to highlight their 2D nature, similar to graphene. The structures of the MAX phases are known, but it has proven difficult to solve the structure of the MXenes because they form as nanomaterials [6] , which are not amenable to traditional crystallography [7] . Although the c lattice parameter of MXenes can be determined from a low-angle diffraction peak in a conventional x-ray experiment [8] [9] [10] , no experimental determination of the a lattice parameter has been reported, let alone the arrangement of atoms. Here, we present the first MXene structures, which were obtained from atomic pair distribution function (PDF) analysis [11] of synchrotron x-ray diffraction data. We also present the structural modification when charged species are intercalated between the planes. Knowledge of structure is a crucial early step to understanding and controlling the properties of these promising materials.
For all known MAX phases, the M atoms are arranged based on hexagonal close packing (hcp) with the X atoms sitting in their octahedral interstices. These M nþ1 X n layers are fused with layers of A atoms in a 2D hexagonal structure with the space group P6 3 =mmc [12] . In the MXene phase, after removal of the A atoms, the close packed layers are stabilized by the attachment of O, OH, and/or F atoms. Today the family of MXenes includes Ti 3 C 2 , Ti 2 C, Nb 2 C, V 2 C, ðTi 0.5 ; Nb 0.5 Þ 2 C, ðV 0.5 ; Cr 0.5 Þ 3 C 2 , Ti 3 CN, and Ta 4 C 3 [6, 9] . However, the quantitative structure of even the first produced and most studied, Ti 3 C 2 is not known. Density functional theory (DFT) calculations have been used to predict the structures. The early DFT studies [13] [14] [15] found two distinct configurations based on two energetically favorable orientations for OH or F in Ti 3 C 2 , but these have not been tested experimentally and the undisturbed structure of the MX layer is not even established because of the nanocrystalline nature of the product. The PDF method is a powerful probe of nanostructure, yielding quantitative structural information at the nanoscale [16] [17] [18] . It uses high energy x rays or neutrons together with Fourier analysis of the diffraction data resulting in PDFs that yield information about the local arrangement of atoms by fitting with calculated PDFs from quantitative models [11] . Here, we successfully used it to determine the structures of pristine Ti 3 C 2 T x (where T stands for surface terminating species, such as OH, O, or F bonded to Ti atoms), potassium hydroxide (KOH) intercalated Ti 3 C 2 T x and sodium acetate (NaOAc) intercalated Ti 3 C 2 T x [4, 10] . Additionally, we quantify small changes in the M layer of the MXene structure on intercalation which may prove important for the electronic properties.
Ti 3 C 2 T x was synthesized by etching Al from Ti 3 AlC 2 . The Ti 3 AlC 2 powders with particles less than 38 μm were treated with 50% aqueous hydrofluoric acid (HF) solution at room temperature (RT), for 18 h. The resulting suspensions were washed several times using deionized water and separated from any remaining HF by centrifuging until the pH of the liquid reached around 5. The wet sediment was moved to a wide-mouth jar by ethanol and dried in air for 3 to 4 days. The resulting Ti 3 C 2 T x was placed into capped glass vials and stored under ambient conditions for further experiments. To intercalate the powders, 0.15 g of Ti 3 C 2 T x was suspended in 5 ml of a 30 wt.% aqueous solution of KOH or NaOAc. The mixtures were stirred for 24 h with a magnetic stirrer at RT. Afterwards, the resulting colloidal solutions were filtered and dried in a desiccator under vacuum (< 10 Torr) at RT. Synchrotron x-ray total scattering experiments were conducted at beam line X17 A at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory. The samples were packed into kapton capillary tubes and measured at 100 K using a flowing nitrogen cryocooler. The rapid acquisition pair distribution function technique [19] was used with an x-ray energy of 67.4194 keV (λ ¼ 0.1839 Å). A large area 2 D Perkin Elmer detector (2048 × 2048 pixels and 200 × 200 μm pixel size) was mounted orthogonal to the beam path with a sample-to-detector distance of 204.099 mm. The raw 2D data were azimuthally integrated and converted to 1D intensity versus 2θ using FIT2D [20] . PDFGETX3 [21] was used to correct and normalize the diffraction data and then Fourier transform them to obtain the experimental PDF, GðrÞ, according to GðrÞ ¼ 2=π
Q½SðQÞ − 1 sin QrdQ. Here, Q is the magnitude of the momentum transfer on scattering and SðQÞ is the properly corrected and normalized powder diffraction intensity measured from Q min to Q max [11] . GðrÞ gives the probability of finding a pair of atoms separated by a distance of r. Nickel was also measured as a standard material to calibrate the sample-detector distance and to determine the Q damp and Q broad parameters which are the parameters that correct the PDF envelope function for the instrument resolution effects [22, 23] . The refined values of Q damp ¼ 0.0416 Å −1 and Q broad ¼ 0.0172 Å −1 are allowed to vary in the subsequent model fits to PDF data. Structural modeling was carried out using the PDFGUI [23] and SRFIT [24] programs.
The reduced structure factor, FðQÞ, and the experimental PDF of the pristine Ti 3 C 2 T x are displayed in Figs. 1(a) and 1(b), respectively. Both FðQÞ and PDF exhibit a coexistence of sharp and broad peaks suggesting a mixture of reasonably well ordered and less well ordered structural aspects. This presents a challenge for a crystallographic analysis because they are not well ordered three dimensional (3D) crystals, but also means that by using a suitable method, such as PDF, a satisfactory quantitative structural model can be obtained.
The starting point for finding a solution to the structure for Ti 3 C 2 T x was to focus on three structural models predicted from a recent density functional theory study from Tang et al. [13] for bare Ti 3 C 2 and surface terminated Ti 3 C 2 ðOHÞ 2 and Ti 3 C 2 F 2 . All DFT structures are hexagonal but consist of only one single layer of Ti 3 C 2 in the unit cell and are not appropriate for the fully dense unexfoliated MXene materials in our study. In these models, the atoms are sitting in a covalently bonded layer with three Ti and two C atomic layers arranging alternately forming edge-shared Ti 6 C octahedra. In bare and fluorine terminated Ti 3 C 2 structures, the carbon and titanium atoms are on the special positions: C (1=3, 2=3, z), Ti1 (2=3, 1=3, z), and Ti2(0, 0, 0) with F sitting on (0, 0, z) in Ti 3 C 2 F 2 , whereas for the Ti 3 C 2 ðOHÞ 2 structure, the atoms are on nonspecial positions.
To find how the layers stack, we started with the Ti 3 C 2 F 2 structure from Tang et al. [13] as described above. Mashtalir et al. [10] determined the c-axis lattice parameter of pristine Ti 3 C 2 T x to be 20.3 Å from the (0002) Bragg peak just below 2θ ¼ 10 degrees in an in-house copper K α measurement. It allows two Ti 3 C 2 layers to be fit into one unit cell, but it is not clear how the second layer is inserted with respect to the first. We took a trial and error approach to find it. Simply translating the second layer along the c axis by c=2 resulted in a poor fit to the measured PDF. However, translating by c=2 and rotating through 60 degrees resulted in a good fit with an agreement factor R w ∼ 0.1 lower than the unrotated layer. In the new layer, the C atoms are sitting at (2=3, 1=3, 0.5 þ z), (1=3, 2=3, 0.5 − z) and Ti atoms are at (1=3, 2=3, 0.5 þ z), (2=3, 1=3, 0.5 − z), and (0, 0, 0.5). Once the atomic positions of the Ti 3 C 2 sheet were determined, we tried different special positions for terminated F atoms. As suggested, based on DFT calculations [13] , O and/or F atoms may sit at (0, 0, z), (1=3, 2=3, z), or (2=3, 1=3, z). The best agreement to the experimental PDF was obtained for surface functionalities at the (0, 0, z) position with a R w ∼ 0.05 lower than the other two cases. Based on the PDF fits described above, we deduce that the pristine Ti 3 C 2 T x adopts a space group of P6 3 =mmc with a screw axis along the c direction. We, therefore, carried out a fit using constraints from this space group. Atomic displacement parameters (ADPs) for C and Ti atoms were constrained to be isotropic in the layer but allowed to be different along the stacking direction. The surface terminated O=F atoms were constrained to have isotropic ADPs. Also, a mixture of both hydroxyl and fluoride groups was used with O=F mole ratio determined from an energy dispersive x-ray spectroscopy (EDX) experiment, with the H on the hydroxyl not included in the model because of its weak scattering contribution. EDX data were confirmed by XPS analysis on similar MXene samples, but since the oxygen and fluorine contents somewhat vary from sample to sample, we report EDX results for the samples that were analyzed in this Letter.
The optimum fit for pristine Ti 3 C 2 T x is displayed in Fig. 2(a) and the refined structural parameters are listed in Table I . The structure of Ti 3 C 2 T x is shown schematically in Fig. 2(d) . The fits indicate that the peaks are in the right positions, suggesting that the overall structure is correct. However, the R w values are high, and there is a lot of unfit signal in the residuals suggesting that this structural model is not complete. The likely reason is unaccounted for disorder in the structure, either of the interlayer stacking or in the form of defects in the layers themselves due to bending, for example. These effects are common in lamellar materials but are not included in the structural model which assumes a perfectly ordered 3D structure, something we know is not present here. There is some interlayer order, as evidenced by the improved fit of the 60°r otated model for the stacking over the unrotated one, but if the stacking is not perfect as we suspect, and suggested by the enlarged U 33 parameters for Ti and C in the refinements, this may result in the misfits seen in the residuals curve. Modeling this disorder correctly requires improvements in the modeling software, and investigation of it will be pursued in the future.
We now turn to the intercalated Ti 3 C 2 T x [4] . The experimental PDFs of the intercalated Ti 3 C 2 T x are plotted on top of that from the pristine sample and displayed in Fig. 3 . As is evident in the high-r region, the intercalation shifts the PDF peaks to lower r, which is more obvious for the K þ insertion. We expect the intercalation to cause a layer expansion, which would cause PDF peaks to shift to higher rather than lower r as observed. In fact, the interlayer spacing in the intercalated compounds does increase, as the change of the refined c-axis lattice parameters in Table I shows. The observation of a shift of PDF peaks to lower r in the figure is because the PDF peaks are predominantly intralayer peaks and the in-plane lattice parameters are contracting on intercalation. 
The space group is P6 3 =mmc and the atoms are on the following special positions: Ti1 (2=3, 1=3, z), Ti2 (0, 0, 0), C(1=3, 2=3, z), and O=F (0, 0, z). Numbers in parentheses are the estimated uncertainties on the last reported digit originating from the counting statistics on the data and represent an estimate of precision. Uncertainties on the refined parameters were determined from PDFGUI [25] on fits calculated on the Nyquist-Shannon sampling grid following [26] , taking into account serial correlation in the data [27] b O=F mole ratio was determined from an energy dispersive x-ray spectroscopy (EDX) experiment and fixed in the refinements.
To investigate whether there are any structural changes beyond a simple contraction, we apply a simple stretching transformation to the experimental PDFs of the intercalated compounds and compare this with the PDF of the pristine compound. This is done in such a way that r 0 ¼ Sr, where r 0 is the stretched r coordinates and S is a stretching factor. A least-squares fit is carried out to find the value of S that gives the best agreement between the intercalated and pristine PDFs. If there is a simple lattice contraction on intercalation, the residual curve between the stretchedintercalated and pristine PDFs will have no features when these two curves are compared. If there are additional structural modifications, these will result in a residual signal in the difference curve even after the stretching transformation. The result is shown in Figs. 3(c) and 3(d) . Interestingly, there are small features in the residual at low r, even as the intermediate and higher-r regions become well accounted for by the stretching transformation. The stretch that fixes the high-r region overcompensates for small differences at low r suggesting that the near-neighbor bonds are not much perturbed by the intercalation, but there is a larger contraction over a wider range. It is not clear what produces this effect. It might be explained if doped charge from the intercalant ions is trapped in localized defect states rather than in the chemical bonds of the Ti-C network itself. The localized charges produce an electric field which results in an overall contraction of the lattice but taking advantage of weaker bond-bending relaxations rather than shortening stiff covalent bonds themselves. Similar effects have been seen in covalent alloys [28, 29] .
Despite these issues, PDF fits were carried out on the K þ and Na þ intercalated Ti 3 C 2 T x samples with the same structure determined for pristine Ti 3 C 2 T x . The fits are shown in Figs. 2(b) and 2(c) and the refined parameters are in Table I . No additional features originating from the intercalant ions were observed, indicating that these ions are disordered and do not sit at well defined locations. They were, therefore, not included in the model. Their presence in the actual structure is indicated by the presence of a longwavelength dip in the residual function of the fits to the intercalated data [Figs. 2(b) and 2(c)]. This results from missing atomic density in the model due to the absence of the Na þ =K þ ions in the model. Nonetheless, the quality of the fits are good (surprisingly, they are better than the nonintercalated fits) suggesting that there is not a significant modification of the MX structure on intercalation. The fits to the intercalated compounds allow us to analyze the structure in a quantitative way, for example, to explore the bond valence sum (BVS) [30] of Ti in the intercalated and nonintercalated structures. The valence of a bond, V ij , is correlated with the bond length, R ij through the equation V ij ¼ P exp½ðR 0 − R ij Þ=B where R 0 is the bond length of unit valence and can be found in the table given by Brown and Altermatt [30] , and B is an empirical parameter with a typical value of 0.37. The atomic valence is estimated by summing the bond valences of all the bonds associated with an atom. Since the R 0 value for a Ti-C pair has not been tabulated, we determined it using the same equation by assuming the C atom in the pristine MXene has a total valence of 4+. In this way, we obtained an averaged R 0 ¼ 1.983ð6Þ Å that was fixed in the subsequent BVS analysis. The top and bottom Ti atoms of a Ti 3 C 2 layer [e.g., Ti(1)] are bonded to three C atoms and three O=F atoms. The contribution from O=F atoms to the BVS of the terminated Ti atom is weighted by their mole ratio. R 0 values of 1.791 Å and 1.723 Å for Ti-O and Ti-F bonds, respectively, are used. The calculated BVS results are summarized in Table II . In a pristine MXene, the bond valence sums for Ti atoms on the surface and inside the layer are calculated to FIG. 3 (color online) . Comparison between experimental PDFs of pristine and intercalated Ti 3 C 2 T x . In (a)-(d) the black curve is the PDF from the pristine sample and the lighter colored curve is the PDF of the intercalated sample which has Na þ intercalated (red) in (a) and (c) and K þ intercalated (blue) in (b) and (d). The green curve offset below is the difference curve. Data in the high-r region from 20 to 40 Å are magnified 2 times for clarity. In (a) and (b), the stretching transformation is not applied to the intercalated samples and the difference curve is dominated by the effects of the change in lattice parameter. In (c) and (d), the measured PDFs of the intercalated Ti 3 C 2 T x have had a stretching algorithm applied to minimize effects of lattice parameter variation in order to search in the difference curve for a clear signal coming from the intercalants themselves. (2) 4.1(1) 3.69(9) 3.62 (8) be ∼3 and ∼4, respectively. Upon intercalation of either Na þ or K þ , the BVS of the Ti atoms changes so that the charge differential between the surface and "bulk" Ti ions becomes less, though the average valence on the Ti does not change much. This is further evidence that the doped charge may be confined to defect states in the MX layer but not in the Ti-C bonds, though this needs to be checked by other methods.
